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Introduction {#s0001}
============

Ibrutinib, a potent irreversible inhibitor of Tec kinase BTK, is approved for marketing in del(17)(p13.1) or relapsed chronic lymphocytic leukemia (CLL) and mantle cell lymphoma.[@cit0001] Ibrutinib has also been reported to have favorable immune modulating effects. In addition to its role in killing malignant B cells, ibrutinib modulates the recruitment and cytokine responses of myeloid cells in immune complex disease models.[@cit0002] Since ibrutinib has been shown to differentially regulate cytokine production and surface marker expression in murine DCs,[@cit0003] we were interested in further exploring how ibrutinib modulates DC function. A study on DCs from BTK^−/−^ mice suggests that BTK participates in the *in vitro* development of DCs, modulates LPS-induced cytokine and surface marker expression in DCs and alters the ability of BTK^−/−^ DCs to activate CD4^+^ T cell responses.[@cit0004] Therefore, we studied how the inhibition of BTK activity during DC development using ibrutinib would affect the development and subsequent immune responses of DCs. We evaluated this by culturing murine bone marrow-derived cells in the presence of DC polarizing growth factors, with or without ibrutinib. Further, we compared the activation status, immune responses upon LPS stimulation and subsequent T cell activation induced by ibrutinib-treated or untreated DCs.

Materials and methods {#s0002}
=====================

Mice strains {#s0002-0001}
------------

Female C57BL/6 (age 8--10 weeks) and OT-II TCR transgenic mice (age 8--10 weeks) were purchased from Harlan and Jackson Laboratories, respectively. All animals were housed in a pathogen-free animal facility in The Ohio State University in accordance with National Institutes of Health and institutional guidelines.

Cultivation and in vitro studies with bone marrow-derived dendritic cells {#s0002-0002}
-------------------------------------------------------------------------

Bone marrow-derived DCs from C57BL/6 mice were cultivated as described previously with some modifications.[@cit0003] Briefly, bone marrow cells were isolated from femurs and tibias of mice, treated with ACK lysis buffer and plated in complete RPMI medium supplemented with 10% fetal bovine serum (Atlanta Biologicals), 1% penicillin (20 Units/mL)/streptomycin (20 μg/mL) (Life Technologies) and 20 ng/mL GM-CSF (Peprotech) for 7 d. At Day 1, 1 μM ibrutinib (Pharmacyclics Inc.) or PBS was added to the culture and remained in the supernatant until the end of the culture period to generate ibrutinib-treated and untreated DCs, respectively. At Day 7, ibrutinib-treated and untreated DCs were collected by gently harvesting the cells in the floating fraction of the culture medium to obtain \> 60% purity of CD11c^+^ DCs, which was then analyzed for expression of surface markers by flow cytometry. Cells were rested overnight, prior to subsequent LPS activation studies.

In vitro LPS activation studies {#s0002-0003}
-------------------------------

Overnight rested ibrutinib-treated and untreated DCs were stimulated with 1 μg/mL LPS (Sigma-Aldrich) at 37°C and 5% CO~2~ for 24 or 48 h. After 24 h, supernatants were harvested for cytokine analyses by ELISA[@cit0005] and cells were isolated for flow cytometric analysis. After 48 h, supernatants were harvested to determine nitric oxide (NO) production by Griess assay.[@cit0006]

T cell co-culture and proliferation studies {#s0002-0004}
-------------------------------------------

Overnight rested DCs (with or without ibrutinib treatment) were pulsed with 10 μg/mL OVA-peptide (323--339) (Anaspec) for 2 h prior to treatment with 1 μg/mL LPS (Sigma-Aldrich) for 22 h. After OVA/LPS stimulation, DCs were cultured with nylon wool-enriched CFSE-labeled T cells or T and B cells in 1:4 ratio each. T cell and B cell fractions were prepared from OT-II mice which was described previously.[@cit0003] Briefly, single cell suspensions prepared from the spleens from OT-II mice in complete RPMI medium were treated with ACK Lysis buffer and incubated in pre-equilibrated nylon wool columns for 1 h. After incubation, cells were eluted from the column to get the T cell enriched fraction with \>90% CD3^+^ T cells. The column was plunged with media to recover the B cell enriched fraction with \>65% cells B220^+^ B cells and approximately 25% CD3^+^ T cells. After 4 or 6 d of DC-T cell or DC-T and B cell co-culture, T cell proliferation was evaluated by flow cytometry based on the reduction of CFSE fluorescence. Culture supernatants were harvested for cytokine analyses by ELISA.[@cit0005]

Flow cytometry {#s0002-0005}
--------------

Cells were prepared for flow cytometry analysis as described previously.[@cit0003] In order to study the expression of surface markers on DCs, cells were blocked using normal mouse serum and incubated with conjugated antibodies against various cell surface markers including CD11c, Ly6C, MHC-II, CD80, CD86 and CCR7 (Biolegend). Samples were acquired on a BD FACS Calibur (BD Biosciences). Data analysis was performed using FlowJo software (Tree Star, Inc.). Analysis was conducted by gating on CD11c^+^ cells using isotype controls for the corresponding conjugated antibody. In order to measure proliferation in T cell co-culture assay, cells from co-cultures assays were blocked as mentioned above and incubated with conjugated antibody against CD4 (Biolegend). Percentage of proliferating CD4^+^ cells was measured by evaluating reduction of CFSE using the Proliferation platform in the FlowJo software.

Statistical analysis {#s0002-0006}
--------------------

All statistical analyses were done using Prism 5 (GraphPad Software). Student\'s unpaired t test was employed to determine statistical significance of values obtained. The *p* values less than 0.05 were considered statistically significant.

Results and discussion {#s0003}
======================

Ibrutinib treatment enhances the development and maturation of DCs {#s0003-0001}
------------------------------------------------------------------

In order to study whether inhibition of BTK using ibrutinib treatment affects DC development, we compared the proportion of CD11c^+^ DCs generated from ibrutinib-treated and untreated DC cultures. We observed that ibrutinib-treated DC cultures had a significantly higher percentage of CD11c^+^ DCs compared to ibrutinib-untreated DC cultures ([Fig. 1A](#f0001){ref-type="fig"}). We also analyzed the maturation status of ibrutinib-treated and untreated DCs by measuring the expression of surface markers such as Ly6C, MHC-II and the co-stimulatory molecule, CD80. Ibrutinib treatment increased the percentage of MHC-II^+^ and CD80^+^ DCs and decreased the percentage of Ly6C^+^ DCs ([Fig. 1B](#f0001){ref-type="fig"}). Further, ibrutinib-treated DCs displayed higher cell-surface expression levels of MHC-II and CD80 and lower expression levels of Ly6C compared to untreated DCs ([Fig. 1C](#f0001){ref-type="fig"}). Figure 1.Ibrutinib treatment enhances the development and maturation of DCs. (A) Dot plots show the percentages of CD11c^+^ DCs in untreated and ibrutinib-treated DC cultures. Numbers denote mean + SEM of duplicate percentage values. (B) Histograms show the expressions of Ly6C, MHC-II and CD80 in CD11c^+^ DCs from untreated and ibrutinib-treated DC cultures. Numbers denote mean + SEM of duplicate percentage values of cells expressing the respective surface molecule. (C) Mean fluorescence intensities of Ly6C, MHC-II and CD80 expression in CD11c^+^ DCs from untreated and ibrutinib-treated DC cultures. The data are presented as mean + SEM of duplicate MFI values. Bone marrow cells from C57BL/6 mice were cultured in the presence of GM-CSF, without or with 1 µM ibrutinib for 7 d to generate untreated and ibrutinib-treated DCs, respectively. At Day 7, DC cultures were stained with the fluorescently labeled antibodies for the respective surface markers and their expressions were determined by flow cytometry. The data presented are representative of three independent experiments. \*\**p* \< 0.001, \*\*\**p* \< 0.0001.

When DCs undergo maturation, they downregulate Ly6C, upregulate CD11c and enhance the expression of MHC-II and CD80.[@cit0007] Ibrutinib treatment reduced the expression of Ly6C and increased the expression of MHC-II and CD80 on DCs suggesting that it promotes the maturation of DCs. Taken together, our results indicate that inhibition of BTK using ibrutinib enhances the development and maturation of bone marrow-derived DCs.

Ibrutinib modulates activation of DCs in response to LPS stimulation {#s0003-0002}
--------------------------------------------------------------------

Since ibrutinib-treated DCs are more mature compared to untreated DCs, we studied whether ibrutinib-treated DCs would respond more robustly to inflammatory stimuli. Using LPS, a TLR-4 ligand, as an immunogen, we compared the expression of MHC-II and co-stimulatory molecules such as CD80, CD86 and CD40 in ibrutinib-treated and untreated DCs. We observed that ibrutinib treatment increased the percentage of MHC-II^+^ and CD80^+^ DCs and decreased the percentage of CD86^+^ DCs upon LPS stimulation ([Fig. 2A](#f0002){ref-type="fig"}). Additionally, LPS/ibrutinib-treated DCs upregulated the expression levels of MHC-II and CD80 and downregulated expression levels of CD86 compared to LPS/untreated DCs ([Fig. 2B](#f0002){ref-type="fig"}). We did not find any significant difference in the percentage of CD40^+^ DCs or levels of CD40 between LPS/ibrutinib-treated and LPS/untreated DCs ([Figs. 2A--B](#f0002){ref-type="fig"}). Figure 2.Ibrutinib differentially regulates the expression of MHC-II, co-stimulatory molecules and CCR7 on LPS-treated DCs. (A) Histograms show the expressions of MHC-II, CD80, CD86 and CD40 in CD11c^+^ DCs from LPS/untreated and LPS/ibrutinib-treated DCs. Numbers denote mean + SEM of duplicate percentage values. (B) Mean fluorescence intensities of MHC-II, CD80, CD86 and CD40 on CD11c^+^ DCs from untreated and ibrutinib-treated DCs upon LPS stimulation. The data are presented as mean + SEM of duplicate MFI values. (C) Dot plots show the percentage of CCR7^+^ cells in CD11c^+^ DCs from LPS/untreated and LPS/ibrutinib-treated DC cultures. Numbers denote mean + SEM of duplicate percentage values. Untreated and ibrutinib-treated DCs were treated with control (media) or LPS (1 μg/mL) for 24 h. After 24 h, cells were stained with fluorescently labeled antibody for the respective surface molecules and their expressions were determined by flow cytometry. Analyses were conducted by gating on CD11c^+^ DCs. The data presented are representative of three independent experiments. \**p* \< 0.05, \*\**p* \< 0.001, \*\*\**p* \< 0.0001.

Upon maturation and activation, DCs upregulate the expression of a chemokine receptor, CCR7, in order to migrate from peripheral sites into T cell specific regions within the draining lymph node and induce T cell responses.[@cit0009] Since ibrutinib treatment enhances the maturation and activation status of DCs, we evaluated whether this would also enhance CCR7 expression on DCs. We observed a higher percentage of CCR7^+^ DCs in LPS/ibrutinib-treated DC cultures compared to LPS/untreated DC cultures ([Fig. 2C](#f0002){ref-type="fig"}).

When we compared LPS-induced cytokine and NO responses in ibrutinib-treated and untreated DCs, we observed that LPS/ibrutinib-treated DCs produced higher levels of IL-10 and IFNβ ([Figs. 3A--B](#f0003){ref-type="fig"}) and lower levels of IL-6, IL-12 and NO ([Figs. 3C--E](#f0003){ref-type="fig"}). There was no significant difference in TNF-α production between LPS/ibrutinib-treated and LPS/untreated DCs ([Fig. 3F](#f0003){ref-type="fig"}). Figure 3.Ibrutinib differentially regulates cytokine production and nitric oxide (NO) responses by LPS-treated DCs. (A) IL-10, (B) IFNβ, (C) IL-6, (D) IL-12, (E) NO and (F) TNF-α production by untreated and ibrutinib-treated DCs upon LPS stimulation. Untreated and ibrutinib-treated DCs were treated with control (media) or LPS (1 μg/mL). After 24 h of LPS treatment, cytokine production was determined in the culture supernatants by ELISA. After 48 h of LPS treatment, NO levels were determined in the culture supernatants by measuring nitrite concentrations using Griess assay. The data are presented as mean + SEM of triplicate sample values from two independent experiments. \*\**p* \< 0.001, \*\*\**p* \< 0.0001.

Since ibrutinib differentially regulates surface marker expression and cytokine production ([Figs. 2 and 3](#f0002 f0003){ref-type="fig"}), we studied whether this would impact the ability of DCs to activate CD4^+^ T cell responses. We studied this using an ovalbumin (OVA) peptide antigen-specific DC: T cell co-culture model. We observed that LPS/ibrutinib-treated DCs promoted higher rates of T cell proliferation compared to LPS/untreated DCs ([Fig. 4A](#f0004){ref-type="fig"}). We also measured the levels of cytokines in the co-culture supernatants. While LPS/ibrutinib-treated DCs enhanced IFNγ and IL-13 production at earlier and later time points compared to LPS/untreated DCs, IL-17 production was significantly higher at a later time point ([Figs. 4B--D](#f0004){ref-type="fig"}). We also evaluated whether the presence of B cells in the co-culture altered the ability of LPS/ibrutinib-treated DCs to enhance T cell responses. We observed that LPS/ibrutinib-treated DCs promoted T cell proliferation compared to LPS/untreated DCs even in the presence of B cells (data not shown). However, the presence of B cells led to significant reduction in production of IFNγ by T cells but had no effect on IL-13 and IL-17 production compared T cells co-cultured with LPS/untreated DC in the presence of B cells ([Figs. 4E--G](#f0004){ref-type="fig"}). Taken together, our results indicate that ibrutinib differentially regulates LPS-mediated surface marker expression and cytokine production in DCs to enhance CD4^+^ T cell activation. Figure 4.Ibrutinib-treated DCs enhance T cell proliferation and production of T cell derived cytokines. (A) Analysis of T cell proliferation upon co-culture with untreated, ibrutinib-treated, LPS/untreated or LPS/ibrutinib-treated DCs. Untreated and ibrutinib-treated DCs were pulsed with OVA (10 μg/mL) for 2 h prior to treatment with LPS (1 μg/mL) for 22 h. After OVA/LPS stimulation, DCs were cultured in 1:4 ratio with CFSE-stained T cells enriched from spleens of OT-II mice for 4 or 6 d. At Day 4 and 6, cells from co-culture were stained with anti-CD4 antibody and T cell proliferation was measured by flow cytometry. Analyses were conducted by gating on CD4^+^ population. Production of cytokines (B) IFNγ, (C) IL-17 and (D) IL-13 in co-culture experiments performed as mentioned in A. At Day 4 and 6 of co-culture, cell culture supernatants were collected and the respective cytokines were measured by ELISA. Production of cytokines (E) IFNγ, (F) IL-17 and G) IL-13 in DC, T cell and B cell co-culture experiments. OVA pulsed LPS/untreated and LPS/ibrutinib-treated DCs were cultured in 1:4 ratio each with B cell fraction (B), T cell fraction (T) or both (T + B) prepared by nylon wool enrichment from spleens of OT.II mice for 6 d and cytokines were measured in the culture supernatants. The data are presented as mean + SEM of duplicate sample values and are representative of two independent experiments. \**p* \< 0.05, \*\**p* \< 0.001.

Our observations for higher IL-10 and lower IL-12 production by ibrutinib-treated DCs is consistent with a study on LPS-mediated cytokine production in BTK^−/−^ macrophages and DCs.[@cit0010] Further, lower NO production upon LPS stimulation has been demonstrated in XID macrophages which possess a mutation in BTK that interferes with normal BTK signaling.[@cit0011]

Our previous study on the LPS-mediated responses upon ibrutinib treatment of differentiated DCs demonstrated that ibrutinib-treated DCs decrease CD86 and NO production and increase CD80 and IL-10 production which corroborates with our current observations ([Figs. 2A, B, 3A and E](#f0002 f0003){ref-type="fig"}).[@cit0003] However, the contrasting differences between the two studies in cytokines such as TNF-α and IL-6 and expression of surface markers like MHC-II suggests that BTK plays a dual role in both development as well as TLR-4 signaling of DCs. Indeed, BTK has been previously described to play an inhibitory role during the *in vitro* development and BTK deficiency promotes the development of DCs which are more activated compared to wildtype (WT) DCs.[@cit0004] BTK^−/−^ DCs express higher levels of MHC-II and CD80 and promote higher CD4^+^ T cell responses compared to WT DCs which we also observed in our current study ([Fig. 2A, B and 4A](#f0002 f0004){ref-type="fig"}). On the other hand, the study by Kawakami *et al*. finds that BTK^−/−^ DCs produce lower amounts of IL-10 compared to WT DCs. Further, the authors propose that the reduced IL-10 production by BTK^−/−^ DCs enhances DC-mediated T cell proliferation. Interestingly, our results indicate that higher IL-10 production by DCs upon BTK inhibition may not necessarily dampen DC-mediated T cell proliferation ([Figs. 3A and 4A](#f0003){ref-type="fig"}). It is possible that the increased CD80 expression ([Figs. 2A and B](#f0002){ref-type="fig"}) and IFNβ production ([Fig. 3B](#f0003){ref-type="fig"}) upon ibrutinib treatment compensate for the inhibitory effects of IL-10 on T cell activation and differentiation. CD80/CD28 co-stimulation initiates the activation of naive CD4^+^ T cells[@cit0012] while IFNβ enhances the ability of DCs to induce T cell proliferation and cytokine production.[@cit0013] Furthermore, previous studies have shown that deficient NO production by DCs mediates higher rates of T cell proliferation under *in vitro* conditions.[@cit0014] Our previous study on ibrutinib also suggests a correlation between lower NO production by ibrutinib-treated DCs and higher rates of DC-mediated T cell proliferation.[@cit0003] Hence, the lower NO production by DCs upon ibrutinib treatment could also be responsible for the enhanced DC-mediated T cell proliferation. Our study also demonstrates that the presence of other immune cells such as B cells in the DC-T cell co-culture alters the cytokine profile induced upon ibrutinib treatment on DCs ([Figs. 4E--G](#f0004){ref-type="fig"}). It is likely that cytokines produced by effector B cells in the co-culture modulate T cell responses as has been previously reported.[@cit0015] We observed that IFNγ levels are reduced in the presence of B cells in LPS/ibrutinib-treated DC co-culture compared to LPS/untreated DC co-culture. Since IL-10 production by B cells suppresses Th1 responses,[@cit0016] we also measured the levels of IL-10 in these cultures. However, we could not detect the presence of this cytokine in the co-culture supernatants suggesting that suppression of IFNγ in the presence of B cells is not mediated by IL-10. Our future studies will focus on further characterizing this IL-10-independent mechanism by which the presence of immune cells such as B cells and cancer cells affect the ability of ibrutinib to enhance DC-mediated T cell responses.

DC-based immunotherapies have been employed to promote the maturation and activation of non-functional DCs in cancer patients in order to elicit higher anticancer T cell responses.[@cit0017] The success of these therapies is dependent on the culture of mature DCs which display high T cell-stimulatory capacity and express high levels of CCR7 to home to lymph nodes. However, many DC-based therapies have poor clinical efficacy because the DC culture strategies generate immature or partially mature DCs.[@cit0018] Since ibrutinib enhances the expression of MHC-II, co-stimulatory molecules and CCR7 and promotes DC-mediated T cell activation, it should be further explored for the generation of mature DCs for cancer therapy. A high percentage of CLL patients display immunodeficiency which is characterized by the lack of immunoglobulin production and defective T cell responses. This immune dysfunction can be observed from early stages of the disease, is perpetuated by the immunosuppressive activity of drugs administered during the treatment phase and also leads to poor immunity against infections commonly observed in CLL patients.[@cit0019] Certain DC-based vaccines administered to CLL patients restore T cell function by enhancing IFNγ production and T cell proliferation with a concomitant decrease in the frequency of regulatory T cells *in vivo*.[@cit0021] Therefore, DC-based therapies have the potential to mitigate immunodeficiency during CLL by improving T cell responses. Our studies provide a rationale for the use of ibrutinib in the development of DC-based vaccines for alleviating immunodeficiency during CLL. Future studies which focus on how ibrutinib modulates DC development and maturation will be critical in the translation of ibrutinib for such DC-based cancer therapies.
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